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'論　文　内　容　要　旨
Although the Standard Model (SM) of particle physics can provide remarkably successful descriptions of
presentlyknownphenomena, a very critical problem known as the Higgs fine-tumlng Problem arises once we
consider the high energy behavior above the electro-weak scale in the SM context. Thus new physics beyond
the SM is expected to appear abovethe electro-weak scale. Supersymmetry (SUSY), which isthe symetry
between boson and fermion, is considered to be one of the most prominent candidates of the such new phys-
ics. SUSY also has significant effects onthe evolution of the universe.While some of the features of SUSY
may glVe the new solutions of the cosmologlCal problems about dark matter, baryon asymetry and dynamics
of inflatonfield which can not be explained inthe standard model, however other problems arise･ The
gravitino problem explained below isknown as the most famous example of the such problems.
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In the supersymetric SM, many particles called super particles areintroduced as super-partners of the SM
particles withR-parityodd (while all SM particles are assigned to be R-parityeven)･ Also when SUSY is ex-
tended into the gravitysector, the gravitino is introduced asthe super-partner of the graviton･ The gravitino
has RIParityodd, and it can decay as long as it is not the lightest particle among the RIParityodd particles･
Importantly Its lifetime becomes very longもecause its interaction strength withany other particles is strongly
suppressed by inverse power of Planck mass as well as the interaction strength of the graviton･ Ir the
gravitino lifetime is close to or over 1 see, there are gravitinos decaylng during or aRer Big-Bang NucleoI
synthesis (BBN) starts. After the decay occurs, daughter particles of gravitinos interact withand dissociate
background 4He and other light elements in the universe (D, 3He, 6Li and 7Li) which are produced by the
standard BBN processes･ Then resulting abundances of the light elements are changed from abundances for
standard BAN processes only･ Since the standard BBN predictions are well･ consistent with the observations
of primordial abundance, such late time decaying gravitinos are very problematic･
In inflationary universe which is well supported by Wilkinson Microwave Anisotropy Probe (WMAP)
search, pnmordial gravitinos are diluted away bythe exponential space expansion during the inflation･ How-
ever some abundance of the gravitino is produced in the collision processes of thermal particles after the in-
flation. Most gravitinos are produced just after the inflation ends, when number densities of the thermal
particles is highest and such cosmologlCal parameters are dete-ined by reheatlng temperature 7t which is the
temperature at the time when inflation ends･ Thus, as the reheating temperature becomes higher, the gravitino
abundance is increased.
Thus, by studying the effects of the gravitino decay on the BBN processes and resulting abundances of the
light elements, we can constrainthe gravitino abundance and therefore can derive an upper bound on the
reheating temperature TR aS afunction of the gravitino massI
For a long time, effects of radiative decay of the gravitino on BBN have been studied by many works･ In
this case many energetic photons produced by the gravitino decay dissociate me background light elements･
This processes especially become important when the gravitino lifetime is longer than lob secl 0n the other
hand when the lifetime is shorterthan lob see,the effects on BBN arise by hadronic decay of the gravitino,
in which case ha血Onic particles produced by the gravitino decay dissociate the background light elements･
However many complicated processes are necessary to study the effects of the hadronic decay･ Especially fol-
lowing three processes have to be calculated; energy distributions of the produced hadrons, energy loss of the
energetic hadrons via interactions with background photons and electrons, and dissociation processes of the
background light elements. Recently血e last two processes are precisely studied by [1】･ However in these
work, several assumptions and simplifications were taken in the calculations of the gravitino decay and the
energy spectra of the produced hadronsI For example,the decay lS Calculated only ln the two cases in which
very simplified SUSY parameters wereused･ Also hadrons produced by the super-particles decay were ne-
glected and hadronic jet evolutions including cascade decay and ha血onization of the daughter particles of the
gravitino were estimated by the jet evolution of quark anti-quark pah Furthermore three body decay processes
of the gravitino were not calculated and roughly estimated even when hadrons are produced mainly by the
three body decay processes･
Thus in this mesis, we study也e gravitino decay in detail, especially lnCluding fbllowlng Calculations which
were not studied inthe previous works,
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'various mass spectra of the super-particles evaluated uslng the mSUGRA parameters
'Gravitino decay up to thee body final state
● precise calculation or decay rate and branching ratio of the gravitino
'cascade decay of daughter super-particles as well as daughter sM-particles
● Hadronization or the colored daughter particles
'precise calculation of the released energy intothe electr0-magnetic interacting rlelds
companng to the previous works, the decay processes of the gravitino and decay chains of the decay prod-
ucts involvingthe super-panicles are precisely and systematically studied･Asa result, energy specba of the
hadrons (proton, neutron, and pions) produced by the gravitino decay are studied in detail. We also interested
in the super-padicles, mass spectra dependencies of the gravitino decay･ Thus we calculate the gravitino decay
withvarious super-padicles mass spectm and compare the resultsI As a result, we derive the upper bound on
the reheating temperature as afunction of the gravitino mass･When m3/2 ≦5× 10 TeV, the upper bound on
the reheating temperature is very severe and becomes TR≦ 105GeV14× 106GeV and changes of the upper
bound by factor 2-10 with flXed gravitino can be seen by companng each casesl 0nthe other hand, when
m3/2 ≧5 × 10 TeV, SUSY parameter dependence can not be seen and upper bound becomes milder TR≦ 109GeV
-1010GeV.
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論文審査の結果の要旨
超対称素粒子模型に基づく宇宙模型は､多くの研究者の興味を集めている｡そこでは重力子の超対称パー
トナー(グラビティーノと呼ばれる)が様々な問題を引き起し得ることが知られているo四柳陽提出の論
文は､不安定なグラビティーノがビッグノゞン軽元素合成に与える影響について研究し､インフレーション
後の宇宙再加熱温度の上限を求めたものである｡
広いパラメータ領域で､宇宙初期に生成されたグラビティーノはビッグバン軽元素合成後に崩壊し､軽
元素量に影響を与える｡この効果が大きすぎると､軽元素量の理論値が観測と矛盾することとなる｡特に
インフレーション宇宙模型では､宇宙初期に生成されるグラビティーノの量は宇宙再加熱温度に比例する
ため､観測と無矛盾な軽元素量を得るために必要な宇宙再加熱温度の上限が存在する｡この上限値を正し
く理解することは､超対称素粒子模型に基づいて宇宙進化を理解する上での重要な課題のひとつとなって
いる｡との問題については､過去にも議論がなされてきた｡しかし過去の研究には不完全な点が残されて
いた｡特にグラビティーノの崩壊過程については､十分に信頼のできる扱いは未だなされていなかった｡
四柳陽提出の論文においては､グラビティーノの超対称標準模型粒子への崩壊について､全ての重要と
なるモードの崩壊幅の完全な計算を行った｡また､それをもとにグラビティーノ崩壊から生じるバリオン
(陽子､中性子､ 7T粒子等)､レプトン(電子､ FL粒子等)､光子のエネルギースペクトルを高い精度で計
算した｡そして､生成されたバリオン､レプトン､光子が軽元素生成のプロセスに与える影響を定量的に
考察し､その結果をビッグバン軽元素合成の理論計算に取り入れることにより長寿命グラビティーノが存
在するときの軽元素量を計算した｡さらに理論的に得られた値を最新の軽元素量の観測値と比較すること
で､宇宙再加熱温度の上限を得ることに成功した｡グラビティーノの過剰生成を避けるための宇宙再加熱
温度の上限について､このレベルの研究は世界的にも他には見られない｡
上記に見られるように､四柳陽は自立して研究活動を行うのに必要な高度の研究能力と学識を有してい
る｡よって四柳陽提出の論文は博士(理学)の学位論文として合格と認める｡
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